Nociceptive neurons play an important role in ischemia by sensing and transmitting information to the CNS and by secreting peptides and nitric oxide which can have local effects. Whilst these responses are probably primarily mediated by acid sensing channels other events occurring in ischemia may also influence neuron function. In this study we have investigated the effects of anoxia and anoxic aglycaemia on Ca 2+ regulation in sensory neurons from rat dorsal root ganglia. 
INTRODUCTION
Nociceptive neurons play an important role in mediating responses to tissue ischemia (Armour 1999; Longhurst et al. 2001) . Not only do they sense and transmit information that can elicit central responses but they also secrete substance P (SP), calcitonin gene related peptide (CGRP) and nitric oxide which have local effects. The importance of these responses in ischemia is clearly illustrated in the heart where sensory neurons are reported to be involved in: i) the transmission of myocardial pain (Armour et al. 1994; Benson et al. 1999; Brown 1967; Huang et al. 1996; White 1957) , ii) evoking cardio-cardiac and sympathetic autonomic reflexes (Longhurst et al. 2001; Malliani 1990 ), iii) mediating coronary vasodilatation through the release of NO, CGRP & SP (Ledda et al. 1993; Owman 1990; Yamamoto et al. 2003) , iv) CGRP evoked chronotropic & ionotropic responses (Ledda et al.
1993) and v) CGRP mediated preconditioning (Li and Peng 2002).
Both excitatory and secretory responses to ischemia are thought to be mediated primarily by the activation of acid sensing channels in the cell membrane which causes membrane depolarisation and calcium entry (Benson et al. 1999; Caterina et al. 1997; Davies et al. 1988; Immke and McCleskey 2001a, 2001b; Konnerth et al. 1987; Krishtal and Pidoplichko 1981, 1980; Longhurst et al. 2001; Pan et al. 1999) , (Caterina et al. 1997; Liu et al. 2004;  Waldmann and Lazdunski 1998) (Bevan and Geppetti 1994; Bevan and Yeats 1991) . Acidosis however is not the only consequence of ischemia. In animal models of myocardial ischemia oxygen levels at the ischemic focus fall rapidly to zero with a surrounding hypoxic border zone (Rumsey et al. 1994; Walfridsson and Lewis 1987) . Indeed it is partly the lack of oxygen that causes tissue acidosis by necessitating anaerobic respiration. In addition to anoxia/hypoxia ischemia also leads to loss of other metabolic substrates, ionic redistribution between intracellular and extracellular compartments and the release of various substances from other cellular elements (see e.g. (Opie 1991) . Many of these factors are likely to influence neuronal function. In particular the consequences of anoxia and hypoxia are potentially far reaching since, i) there are wide spread reports of ion channels being sensitive to oxygen (Lopez Barneo 1994; Patel and Honoré 2001; Peers 1997; Weir et al. 2005; Yuan 2001) , ii) the mitochondrion plays a major role in cell calcium homeostasis (Nicholls 2005) , and iii) ATP depletion can influence the activity of many ion channels & transporters (Hilgemann 1997) . Indeed in the CNS ischemia has profound effects upon neuronal ion homeostasis, electrical signalling and Ca 2+ signalling (Erecinska and Silver 1994; Hansen 1985) (Budd and Nicholls 1996a; Sims 1995; Yao and Haddad 2004) . There have been relatively few studies on the effects of hypoxia, anoxia or aglycaemia on sensory neuron function but inhibitors of oxidative phosphorylation are reported to alter cell Ca 2+ homeostasis (Duchen et al. 1990 ) and a few recent studies suggest that ion channels may also be regulated by hypoxia in these neurons (Gruss et al. 2006; Lukyanetz et al. 2003) .
In this study we have investigated the effects of anoxia and of anoxic aglycaemia on Ca 2+ regulation in small capsaicin sensitive neurons isolated from rat cervico-thoracic dorsal root ganglia (DRG). Our results show that anoxia has multiple effects upon cellular [Ca 2+ ] i homeostasis involving store release, mitochondrial buffering, and inhibition of Ca 2+ pumps, but no obvious activation of Ca 2+ influx pathways. Despite these events Ca 2+ signalling was not grossly abnormal in anoxia alone. In contrast prolonged anoxic aglycaemia lead to a substantive rise in [Ca 2+ ] i and total loss of Ca 2 store and Ca 2+ pump function. These data indicate that altered calcium signalling in response to anoxia may well play an important role in modulating sensory neuron responses to ischemia.
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MATERIAL AND METHODS
Neuron dissociation.
Adult Wistar rats of either sex aged between 6 and 8 weeks (130-170 g) were sacrificed by an overdose of halothane (4 %) followed by exsanguination in accordance with schedule 1 of the UK Animals (Scientific Procedures) Act 1986. Cervico-thoracic DRG (C 4 -Th 6 ) were removed under sterile conditions and were immediately transferred into cooled Ca 2+ -and Mg 2+ -free phosphate-buffered saline (PBS), pH 7.4. After cleaning the ganglia were incubated in a medium comprising 10 mg collagenase type I (208 U/mg, Worthington, CLS-1, MON4393), 1 mg trypsin (9.3 U/mg, Sigma, T-4665), in PBS and with 60 µM CaCl 2 and 33 µM MgCl 2 for 35 min at 37°C. Following enzyme treatment ganglia were washed once in PBS (Ca 2+ -and Mg 2+ -free) and once in DMEM (containing 10% FBS, 1.2 mM L-Glutamine), before mechanical trituration in 1.5 ml of DMEM. The dissociated cells were then washed twice by centrifugation (at 1000g for 5 min) followed by resuspension in fresh DMEM. Following the final wash the cell pellet was resuspended in 500 µl Basal TNB-100 culture medium containing Protein-Lipid-Complex (Biochrom, Berlin, Germany), penicillin (100 IU/ml), streptomycin (100 µg/ml) and 10 µM/ml NGF. Following a second trituration the neurons were seeded onto poly-L-lysine and laminin coated coverslips and incubated in sterile culture dishes in a humidified chamber at 37°C and 5% CO 2 / 95% air for 2 hrs. After this incubation period, a further 3 ml TNB was added to each culture dish. Neurons were kept in the incubator for 30 min -24 hrs before use.
Fluorescence measurements.
Fluorescence measurements were performed using a microspectrofluorimeter based on a Nikon Diaphot 200 (Japan) equipped with a monochromator (Cairn Instruments, Kent) and a xenon lamp to provide an excitation light source and cooled (-20°C) photomultiplier tubes (PMT; Thorn EMI) to detect emitted fluorescence. Fura-2 was excited alternately at 340 nm and 380 nm (± 8 nm) for 250 msec. at each wavelength with the cycle repeated at 1 Hz. Fura-2 fluorescence was filtered at 510 nm (± 20 nm). Rhodamine 123 was excited continuously at 495 nm and its emitted fluorescence filtered at 525 ± 10 nm. The output from the PMT's was integrated over each illumination period (Fura-2) or just averaged over 500 msec. (Rh123) and recorded on a microcomputer using a micro 1401 and Spike 4 software (Cambridge Electronic Design). For Fura-2 the fluorescence ratio (340 nm/ 380 nm) was also calculated and recorded using Spike 4 software.
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Selection and superfusion of neurons.
Neurons were placed in a recording chamber with a volume of approximately 100 µl. This chamber was perfused at approximately 2 ml / min. Solutions were delivered from reservoirs kept in a water bath to the recording chamber via medical grade stainless steel tubing articulated by short sections of pharmed tubing (Norton performance plastics, UK). A mechanically driven two-way tap was placed within a few inches of the recording chamber. A heating coil was placed around a short section of tubing between the tap and the chamber to ensure solutions remained at 37 o C. This arrangement allowed rapid solution exchange and tight control over solution gas content and temperature.
Sensory neurons were selected initially on the basis of soma size (15-30 µm) and, in experiments utilising Fura-2, their response to capsaicin (10-100 nM for 10 sec.) was tested at the end of each experiment. In these studies >80% of neurons selected on these size criteria (Grynkiewicz et al. 1985) . The perfusate was then changed to a high-Ca 2+ calibration medium containing 150 mM KCl, 5 mM NaCl, 10 mM CaCl 2 and 1 µM Ionomycin. The change in fluorescence ratio was followed in one of the 5 identified neurons until it reached a new stable value and then the fluorescence ratio in it, and in the other 4 identified neurons, was recorded and deemed to be equivalent to the calibration constant R max . The ratio of fluorescence at 380 nm in zero-Ca 2+ medium divided by that obtained in high Ca 2+ medium (S f2 /S b2 ) was also calculated for each neuron. The mean values obtained for R min , R max and (S f2 /S b2 ) were then used to calibrate measurements of the fluorescence ratio in subsequent experiments using the Grynkiewicz et al. 1985) .
Measurement of mitochondrial membrane potential with Rhodamine 123.
Changes in mitochondrial membrane potential were detected using Rhodamine 123 (Rh123).
This is a membrane permeant cation that is strongly sequestered in mitochondria due to their negative membrane potential. In concentrated solutions, as occur within the mitochondrion, Rh123 fluorescence is quenched. If the mitochondria become depolarised Rh123 is redistributed from the mitochondrion to the cytosol where it becomes diluted and as a consequence fluorescence increases. Measurements of total Rh123 fluorescence from an intact cell can therefore be used to follow changes in mitochondrial membrane potential ( m ) (Toescu and Verkhratsky 2000) . Neurons were loaded with Rh123 (5 µM, Sigma, Dorset, UK) in bicarbonate buffered medium at room temperature for 12 min. The cells were then transferred to the perfusion chamber described above. Because Rh123 is relatively poorly retained by cells a correction for both baseline drift and decline in maximum signal amplitude was carried out. This consisted of taking measurements of baseline fluorescence under control conditions and peak signal amplitude measured during brief application of 1 µM FCCP (an uncoupler which fully depolarises the mitochondria) at the beginning and end of each recording. Each recording was limited to a maximum of 20 min duration. The time dependent decline in baseline fluorescence was modelled as a linear process and was subtracted from the recording. The decline in maximum signal amplitude (measured in presence of FCCP) was also modelled as a linear process. The baseline subtracted signal was then divided by the time dependent maximum signal and multiplied by 100 to convert the recorded signal to a % of the maximum signal attainable by full mitochondrial depolarisation (% m ).
Solutions
Standard bicarbonate buffered Tyrode solutions contained (in mM): NaCl: 117, KCl: 4.5, and Thapsigargin containing solutions were prepared from stock solutions in DMSO.
Capsaicin and FCCP were added from stock solutions in ethanol. The maximum concentration of solvent in Tyrodes were; 50 µM DMSO, 10 µM ethanol.
Statistics
Values are expressed as mean ± standard error of mean (S.E.M. ] i = 1.2 ± 0.2 nM, n = 4, Figure 1B ).
Effects of anoxia on resting [Ca
2+
] i in DRG neurons. of 66 ± 5 nM to a stable level of 239 ± 9 nM, p < 0.001, n = 49 (see e.g. Figure 2 ). This rise in All of these following experiments were conducted in a Ca 2+ -free Tyrode solution.
We investigated a role for mitochondria by using the uncoupler FCCP to depolarise the mitochondria and thus release any Ca 2+ stored within (Shishkin et al. 2002; Thayer and Miller 1990) . In experiments using Rh123, 1 µM FCCP appeared to produce a maximal ] i caused by FCCP alone. Consequently part of the Ca 2+ response to anoxia seems to be dependent upon some aspect of mitochondrial function but there is also another component.
DRG sensory neurons contain caffeine sensitive stores (Usachev et al. 1993) . Depletion of these stores with 30 mM caffeine did not abolish the [Ca 2+ ] i response to anoxia but did significantly reduce it compared to that seen when stores were not depleted ( [Ca 2+ ] i = 22 ± 3.5 nM, n = 21 post caffeine, p < 0.001, see Figure 3D ). Similar results were also obtained when both CPA, an inhibitor of the endoplasmic reticulum Ca 2+ -pump (SERCA), and caffeine were used together to deplete Ca 2+ stores; i.e. the rise in [Ca 2+ ] i in response to anoxia was reduced (to 21 ± 3.4 nM, n = 7, p < 0.001), but was not abolished (Figure 3) .
The above data suggested that part of the response to anoxia could be mediated by Ca
release from caffeine sensitive internal stores. To determine whether any other internal stores could be involved we depleted both caffeine/CPA sensitive stores and mitochondrial stores. In this series of experiments FCCP and caffeine (and/or CPA) were applied sequentially but in a random order. Irrespective of the order of addition the combination of FCCP with caffeine and or CPA completely prevented any anoxia induced rise in [Ca 2+ ] i , ( [Ca 2+ ] i = 9 ± 3.4 nM, n = 12, n.s. see Figure 4 ). The anoxia induced rise in calcium could also be inhibited by a combination of FCCP plus Thapsigargin (100 nM), an irreversible inhibitor of SERCA (n= 4, Figure 4B ), and by FCCP in combination with 25 µM ryanodine (n = 4, Figure 4D ). Note that ryanodine did not deplete ER stores of Ca 2+ (as evidenced by the observation that following removal of ryanodine caffeine evoked a large rise in [Ca 2+ ] i , Figure 4D ) but none the less reduced Ca 2+ release in response to anoxia.
Mitochondrial function and Ca release.
The observation that part of the [Ca 2+ ] i response to anoxia was abolished by application of FCCP led us to further investigate the role of mitochondria in mediating Ca 2+ release.
Application of the electron transport inhibitor cyanide (2 mM) in a Ca Effects of anoxia on mitochondrial Ca 2+ buffering.
Given that anoxia depolarises mitochondria, albeit only partially, we also investigated the (Werth and Thayer 1994) . The role of mitochondrial Ca 2+ buffering in these events is most readily demonstrated by depolarising the mitochondria using an uncoupler and thus preventing Ca 2+ uptake (Thayer and Miller 1990) . ] i attained during the second slow phase (shoulder) when calculated as a rise in [Ca 2+ ] i relative to baseline was reduced to 83 ± 5.5% of control (n = 10, p < 0.01); but when expressed as an absolute level was not significantly altered (89 ± 4% of control, p = 0.07). These observations were consistent with our expectations that anoxia might impair mitochondrial Ca 2+ buffering but were notably rather minor. The most obvious effect of anoxia however was a near doubling of the duration of the mitochondrial Ca 2+ release phase from 119 ± 22 sec. under control conditions to 235 ± 64 sec. under anoxic conditions (n = 8, p < 0.05, measured at half height, see Figure 8 ). ] i allowed to recover until the onset of the second phase (shoulder) at which point 1 µM FCCP was applied to rapidly dump any Ca 2+ stored in the mitochondrion back into the cytosol (see Figure 8C ). (n = 5, p = 0.293, see Figure 8E ). We could not therefore find any corroborating evidence that anoxia increased the amount of Ca 2+ stored within the mitochondria. ] o . Following 3 min of anoxia the maximum amplitude of the caffeine response was significantly reduced to 78 ± 5% (n = 6, p < 0.01) of control. Following reoxygenation the response to caffeine recovered to 120 ± 11% (n = 6, p = 0.128) compared to control ( Figure 9A & D) . Protracted exposure to anoxia (18 min) resulted in a further reduction in the Ca 2+ response to caffeine to 41 ± 11% (n = 6, p < 0.01) of control (exposure of neurons to Ca 2+ -free medium under normoxic conditions for 20 min only reduced the response to caffeine to 82 ± 6%, n = 6). These data indicate that anoxia causes a slow depletion of ER Ca 2+ store content. This effect of anoxia was reversible, i.e. even after extended exposure to anoxia upon re-oxygenation and re-loading in high K + Tyrode the caffeine releasable Ca 2+ store recovered fully (to 93 ± 17% of control, n = 6, p = 0.693, Figure 9B & D). Indeed even during prolonged anoxia, caffeine sensitive stores could be almost completely refilled (to 92 ± 18% of control, n = 5, n.s.) by high K + induced voltage-gated Ca 2+ entry (Figure 10 ). Thus although anoxia evokes Ca 2+ release or leak from ER stores it does not cause major disruption of store function.
Effects of anoxia on ER
Mitochondrial buffering assists the refilling of caffeine sensitive Ca 2+ stores.
We briefly investigated whether mitochondrial Ca 2+ buffering could influence ER store loading by looking at the effects of FCCP upon store loading and caffeine evoked Ca 2+ release. ER stores were depleted by repetitive caffeine applications ( Figure 11 ) and then FCCP (1 µM) was applied and voltage-gated Ca 2+ entry triggered by a high K + pulse (50 mM, 5 sec.). The following response to caffeine (30 mM, still in the presence of FCCP), was substantively reduced to 33 ± 6% (n = 5, p < 0.05) of control. Following subsequent removal of FCCP, a rest period of 3 min, a further high K + pulse (50 mM, 5 sec.), the caffeine response recovered to 95 ± 6% (n = 5, Figure 11 ) of control. Since store refilling was near normal under anoxic conditions (see above) these data suggest a specific role for mitochondrial Ca 2+ buffering in facilitating store loading. Tyrode was monophasic ( Figure 12A ) confirming that the threshold for significant mitochondrial Ca 2+ buffering was not breached (Nicholls and Budd 2000) . Cytosolic Ca Since Ca 2+ clearance can occur via the plasma membrane and/or uptake into the ER we sought to determine which of these pathways was being inhibited by anoxia. Inhibition of SERCA under normoxic conditions with either Thapsigargin (100 nM) or CPA (10 µM) reduced Ca 2+ clearance rates from 14.8 ± 1.3 nM/sec. to 4.62 ± 0.85 nM/sec. (n = 11, p < 0.01, Figure 13) confirming that ER Ca 2+ uptake contributes significantly to Ca 2+ clearance under these experimental conditions (see Figure 13 & discussion Effects of anoxic aglycaemia on Ca 2+ regulation.
Effects of anoxia on cytosolic
In the preceding studies it is clear that although anoxia induces significant changes, Ca 2+ regulation does not become totally dysfunctional. This probably reflects the fact that whilst cellular ATP levels are reduced by anoxia they are not exhausted (see discussion). In order to determine how more complete ATP depletion affects [Ca 2+ ] i regulation we exposed some neurons to a combination of both anoxia and aglycaemia. Under these conditions the rise in During this second phase responses to caffeine (30 mM for 2 min) were effectively abolished (2 ± 2% of control, n = 6, p < 0.0001, Figure 9C & D) indicating complete depletion of ER Ca 2+ stores. Ca 2+ clearance rates (measured using the protocol described above) were also greatly reduced after about 18 min of continued anoxic aglycaemia (both in the presence and absence of CPA, see Figure 12 & 13) indicating an almost complete inhibition of both SERCA and PMCA. Ca 2+ influx in response to high-K + -low-Ca 2+ medium was also much reduced after prolonged anoxic aglycaemia suggesting that voltage-gated Ca 2+ channels may also become inhibited under these more extreme conditions.
DISCUSSION
In this study we have primarily investigated the effects of anoxia upon sensory neuron Ca 2+ regulation. In animal models of cardiac ischemia (blood vessel occlusion) oxygen levels at the ischemic focus fall rapidly to zero (Rumsey et al. 1994; Walfridsson and Lewis 1987) . Lack of oxygen delivery results in inhibition of mitochondrial respiration in the surrounding tissue as assessed by NADH accumulation (Barlow and Chance 1976 ) and depletion of phosphocreatine & ATP (Elliott et al. 1992; Zhang et al. 2001) . Surrounding this core zone there may also be a hypoxic boarder zone. Our anoxia data however is most relevant to events in the "core region" of ischemic tissue where oxygen delivery is so low as to be unable to support oxidative phosphorylation.
In our isolated sensory neuron model anoxia alone results in a rapid but only partial depletion Exposure of neurons to acute anoxia lead to a rapid rise in [Ca 2+ ] i that appeared to result from Ca 2+ release from internal stores. This observation is similar to a previous study in sensory neurons in which inhibitors of oxidative metabolism (cyanide) caused Ca 2+ release from internal stores (Duchen et al. 1990 ). They are also consistent with reports of hypoxia evoked Ca 2+ release from internal stores in hippocampal neurons (Dubinsky and Rothman 1991; Grondahl et al. 1998) , astrocytes (Aley et al. 2006 ) and pulmonary vascular smooth muscle (Jabr et al. 1997; Kang et al. 2002) . The effects of anoxia on DRG neurons were not limited to Ca 2+ store release however it also had multiple other effects upon [Ca 2+ ] i regulation (see below).
We were unable to corroborate a recent study claiming that hypoxia (10- ] i response to anoxia was reduced by about 60% (Figure 3) . We also noted that during exposure to anoxia emptying of ER Ca 2+ stores lowered basal [Ca 2+ ] i and refilling the stores raised it again (see Figure 10A ). ] i that appears to be dependent upon ER Ca 2+ stores could result from increased store release, decreased store uptake or simply decreased Ca 2+ efflux across the plasma membrane (or indeed any combination of these events). Evidence that anoxia enhances net Ca 2+ release (or leak) from the ER comes primarily from our observation that the caffeine releasable pool of Ca 2+ progressively declines during anoxia ( Figure 9A & B) . Moreover, the observation that ryanodine prevented anoxia-induced release of Ca 2+ from the ER suggests that Ca 2+ efflux via ryanodine receptors plays an important role in mediating this slow ER Ca 2+ release.
Decreased Ca 2+ uptake by SERCA must however also be an important factor (see below).
Although we have not investigated possible links between anoxia and ER function in any
detail, it is notable that the anoxia induced ER Ca 2+ release persists in the presence of FCCP.
Since the level of FCCP (1 µM) used in this experiment is sufficient to cause near maximal mitochondrial depolarisation (as assessed using Rh123 fluorescence Henrich & Buckler unpublished) it is reasonable to assume that FCCP also fully inhibits mitochondrial ATP synthesis. The ER Ca 2+ release response to anoxia cannot therefore be due to changes in energy metabolism. We have however noted a very similar response to the electron transport inhibitor cyanide i.e. an abrupt increase in intracellular [Ca 2+ ] i that is only partially occluded by FCCP (see Figure 5B ). These observations suggest that inhibition of electron transport might be the key factor in promoting ER Ca 2+ store release in response to anoxia and cyanide.
A model that has been advanced to explain hypoxic pulmonary vasoconstriction suggests that hypoxia induced increase NADH could stimulate cyclic-ADP-ribose (cADPR) production (Dipp and Evans 2001; Evans and Dipp 2002) . cADPR promotes Ca 2+ release from the endoplasmic reticulum via ryanodine receptors (Galione 1993; Tanaka and Tashjian 1995; Thorn et al. 1994) . Hypoxia evoked ER Ca 2+ release in astrocytes has also recently been attributed to cADPR mediated activation of ryanodine receptors (Aley et al. 2006 ] i was significantly and progressively inhibited in the presence of anoxia. Slowing of Ca 2+ recovery during metabolic inhibition has also been observed in mouse sensory neurons (Duchen et al. 1990 ).
The PMCA has been reported to be the principal (non-mitochondrial) Ca 2+ clearance mechanism in DRG (Lu et al. 2006; Usachev et al. 2002) . Our studies however indicate that the SERCA also plays a major role in Ca 2+ clearance (see Figure 13 ) both in Ca 2+ -free medium and in normal Ca 2+ -containing medium (data not shown). Although our data appear at variance with that of others (Usachev et al. 2002) Figure 8A ). Whilst this could be a due to a direct inhibition of mitochondrial Ca 2+ release it is also possible that it is simply an indirect consequence of reduced cytosolic Ca 2+ clearance via PMCA & SERCA. In support of this hypothesis we noted that when SERCA is inhibited with CPA (10 µM) or Thapsigargin (100 nM) the duration of the mitochondrial Ca 2+ release phase following voltage-gated Ca 2+ entry was also increased to 228 ± 95% (n = 5, p < 0.05) compared to control (data not shown).
We also noted that despite anoxia inhibiting SERCA activity, ER store loading was as effective under anoxic conditions as under control conditions (Figure 10 (Figure 11 ).
Conclusions.
Our studies indicate that anoxia of short to medium term duration, sufficient to partially In addition to the above direct effects anoxia upon [Ca 2+ ] i regulation we would also anticipate that these events could significantly affect neuronal responses to other ischemic conditions/stimuli. Of particular interest will be to determine the extent to which anoxia influences responses to acidosis since this is thought to be a key stimulus in mediating sensory neuron response to ischemia. 
